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1. INTRODUCTION {#epi412287-sec-0001}
===============

Mouse genetic models have offered powerful insights into our understanding of gene function and disease mechanisms. C57BL/6J (B6J) mice have been the most widely used inbred strain for knockout and transgenic models, whereas the substrain C57BL/6N (B6N) is becoming increasingly popular due to large initiatives like the International Knockout Mouse Consortium.[1](#epi412287-bib-0001){ref-type="ref"} Separated since 1951, these substrains have accumulated significant genetic variations.[2](#epi412287-bib-0002){ref-type="ref"}, [3](#epi412287-bib-0003){ref-type="ref"}, [4](#epi412287-bib-0004){ref-type="ref"} Comparative genomic analysis revealed numerous coding variants between B6J (Jackson Laboratory) and B6N (National Institutes of Health) substrains, including 34 single nucleotide variants (32 missense/one nonsense/one splice site), two indels resulting in frameshifts, and 15 structural variants overlapping genes.[5](#epi412287-bib-0005){ref-type="ref"} There are documented substrain‐dependent phenotypic differences in diverse areas, including neurobehavioral/neurologic function, vision, metabolism, and inflammatory response.[5](#epi412287-bib-0005){ref-type="ref"}, [6](#epi412287-bib-0006){ref-type="ref"} Understanding and controlling for these differences are critical for experimental validity and reproducibility.

Mutations in the neuronal voltage‐gated sodium channel gene *SCN1A* most frequently result in Dravet syndrome. Mice with heterozygous deletion of *Scn1a* recapitulate features of Dravet syndrome, including spontaneous seizures, susceptibility to hyperthermia‐induced seizures, and premature lethality.[7](#epi412287-bib-0007){ref-type="ref"}, [8](#epi412287-bib-0008){ref-type="ref"}, [9](#epi412287-bib-0009){ref-type="ref"}, [10](#epi412287-bib-0010){ref-type="ref"}, [11](#epi412287-bib-0011){ref-type="ref"} Differential effects of strain background on phenotype severity in *Scn1a* ^+/*−*^ mice have been reported.[7](#epi412287-bib-0007){ref-type="ref"}, [8](#epi412287-bib-0008){ref-type="ref"}, [9](#epi412287-bib-0009){ref-type="ref"}, [10](#epi412287-bib-0010){ref-type="ref"}, [11](#epi412287-bib-0011){ref-type="ref"} *Scn1a* ^+/*−*^ mice on the 129S6/SvEvTac (129S6) strain have no overt phenotype. When crossed with C57BL/6J, resulting F1.*Scn1a* ^+/*−*^ mice have a severe phenotype with spontaneous seizures and premature lethality.[8](#epi412287-bib-0008){ref-type="ref"} Genetic analysis revealed several responsible modifier loci and genes, including *Gabra2, Cacna1g*, and *Hlf*.[7](#epi412287-bib-0007){ref-type="ref"}, [8](#epi412287-bib-0008){ref-type="ref"}, [12](#epi412287-bib-0012){ref-type="ref"}, [13](#epi412287-bib-0013){ref-type="ref"} The effect of the C57BL/6 substrain on phenotype expressivity in *Scn1a* ^+/*−*^ mice has not been systematically evaluated, although C57BL/6 substrain differences in susceptibility to induced seizures have been documented.[14](#epi412287-bib-0014){ref-type="ref"}, [15](#epi412287-bib-0015){ref-type="ref"}, [16](#epi412287-bib-0016){ref-type="ref"} In the current study, we compared seizure susceptibility, spontaneous seizures, and survival in *Scn1a* ^+/*−*^ mice with B6J vs B6N alleles. Several differences were detected, with B6N alleles associated with reduced severity of spontaneous seizures and improved survival. Our results suggest that these strains carry differential modifier alleles that alter phenotype severity in the context of *Scn1a* heterozygous deletion, and emphasize the importance of substrain selection in experimental design and interpretation.

2. MATERIALS AND METHODS {#epi412287-sec-0002}
========================

2.1. Mice {#epi412287-sec-0003}
---------

The *Scn1a* ^*tm1Kea/Mmjax*^ (MMRRC\#37107‐JAX) mouse line was generated in 129S6/SvEvTac ES cells and has been maintained continuously by backcrossing to 129S6/SvEvTac mice (Taconic Biosciences, Hudson, New York), and is referred to as 129.*Scn1a* ^+/*−*^ herein.[8](#epi412287-bib-0008){ref-type="ref"} Experimental mice were generated by crossing 129.*Scn1a* ^+/*−*^ mice with C57BL/6J (B6J) (stock\#000664; Jackson Laboratory, Bar Harbor, Maine) or C57BL/6NJ (B6N) (stock\#005304, Jackson Laboratory) mice. The resulting F1 offspring were (129 × B6J)F1.*Scn1a* ^+/*−*^ or (129 × B6N)F1.*Scn1a* ^+/*−*^, abbreviated as F1J*.Scn1a* ^+/*−*^ and F1N.*Scn1a* ^+/*−*^, respectively. Mice were genotyped by polymerase chain reaction (PCR), as described previously.[8](#epi412287-bib-0008){ref-type="ref"} Mice were group‐housed with access to food and water ad libitum and maintained on a 14‐hour light/10‐hour dark schedule. All studies were approved by the Northwestern University Animal Care and Use Committee in accordance with the National Institutes of Health (NIH) Guide for the Care and Use of Laboratory Animals. Principles outlined in the Animal Research: Reporting of In Vivo Experiments guideline and Basel declaration were considered when planning experiments.

2.2. Hyperthermia‐induced seizure thresholds {#epi412287-sec-0004}
--------------------------------------------

On P18, mice underwent a hyperthermia‐induced seizure threshold assay as described previously.[9](#epi412287-bib-0009){ref-type="ref"} Core body temperatures at baseline, and at onset of myoclonic and generalized tonic‐clonic seizures (GTCS) were recorded. Following a 5‐minute acclimation to the temperature probe and chamber, body temperature was gradually elevated by 0.5°C every 2 minutes until onset of a clonic convulsion with loss of posture. Once body temperature reached 42.5°C, the heat lamp was turned off and mice remained in the chamber until a GTCS occurred or 5 minutes elapsed. Mice without a GTCS during the assay were considered seizure‐free. Immediately following the GTCS, mice were rapidly cooled to 37°C on a cooling pad and then weaned into a cage for spontaneous seizure monitoring, with the exception of one F1N.*Scn1a* ^+/*−*^ mouse that did not exhibit a hyperthermia‐induced GTCS and was excluded from subsequent spontaneous seizure analysis. Rare failures to exhibit a hyperthermia‐induced GTCS have been observed in F1J.*Scn1a* ^+/*−*^ mice.[9](#epi412287-bib-0009){ref-type="ref"}

2.3. Spontaneous seizure monitoring {#epi412287-sec-0005}
-----------------------------------

All mice that exhibited a hyperthermia‐induced seizure underwent continuous video‐monitoring for 60 hours between midday on P19 through P21. Groups of 2‐3 mice were placed in a recording chamber with access to food and water ad libitum. Analysis was performed on 18 F1J.*Scn1a* ^*+/−*^ and 20 F1N.*Scn1a* ^*+/−*^ mice. Lower group size relative to the hyperthermia assay was due to technical issues (video record corruption and rapid cooling failure). GTCS events (forelimb clonus with rearing/loss‐of‐posture) and severity (with or without tonic hindlimb extension at a 180 degrees relative to torso) were scored by reviewers blinded to the groups as described.[9](#epi412287-bib-0009){ref-type="ref"} Following cessation of recording, mice were monitored for short‐term survival until P30.

2.4. Extended survival monitoring {#epi412287-sec-0006}
---------------------------------

A separate cohort of mice weaned at P18‐20 into standard vivarium cages with 4‐5 sex‐ and age‐matched mice was monitored for survival until P60. Daily health surveillance was conducted and any mouse exhibiting signs of unexpected morbidity was euthanized and excluded from the study.

2.5. Statistics {#epi412287-sec-0007}
---------------

Statistical analyses were conducted using Prism 7 software (GraphPad Inc., La Jolla, California). Between‐group comparisons for survival and temperature thresholds for hyperthermia‐induced seizures were conducted using time‐to‐event analysis with *P*‐values determined with LogRank Mantel‐Cox tests. Events occurring after predetermined cutoffs were censored (P30 or P60 for survival; 42.5°C for hyperthermia GTCS threshold). Spontaneous seizure frequencies and GTCS temperature thresholds were compared by Mann‐Whitney *U* tests. Within‐genotype comparisons between sexes indicated no differences, therefore groups were collapsed across sex. Data are presented as median or mean ± standard error of the mean (SEM) and *P* \< 0.05 was considered statistically significant.

3. RESULTS {#epi412287-sec-0008}
==========

3.1. F1N vs F1J strain differences in hyperthermia‐induced seizure thresholds {#epi412287-sec-0009}
-----------------------------------------------------------------------------

F1N.*Scn1a* ^+/*−*^ mice had a lower myoclonic seizure threshold with a median temperature for the first myoclonic seizure of 40.2°C in F1N.*Scn1a* ^+/*−*^ vs 40.6°C in F1J.*Scn1a* ^+/*−*^ mice (*P* \< 0.023; LogRank Mantel‐Cox; Figure [1](#epi412287-fig-0001){ref-type="fig"}A). For GTCS threshold, there was no difference in the incidence curve between F1N.*Scn1a* ^+/*−*^ and F1J.*Scn1a* ^+/*−*^ (*P* \> 0.332; LogRank Mantel‐Cox; Figure [1](#epi412287-fig-0001){ref-type="fig"}B). However, comparison of mice that exhibited a seizure at ≤42.5°C revealed a lower GTCS threshold temperature in F1N.*Scn1a* ^+/*−*^ (41.8 ± 0.1°C) vs F1J.*Scn1a* ^+/*−*^ (42.2 ± 0.1°C) mice (*P* \< 0.009; Mann‐Whitney *U* test). Baseline body temperature was not different between F1J.*Scn1a* ^+/*−*^ (36.2 ± 0.2°C) and F1N.*Scn1a* ^+/*−*^ mice (36.4 ± 0.2°C) (*P* \> 0.502; Unpaired *t* test).

![Temperature threshold for hyperthermia‐induced myoclonic seizures and generalized tonic‐clonic seizures (GTCS) in F1J.*Scn1a* ^+/*−*^ (F1J; n = 24) and F1N.*Scn1a* ^+/*−*^ (F1N; n = 26) mice. A, Cumulative myoclonic seizure incidence curve. The myoclonic seizure threshold was lower in F1N.*Scn1a* ^+/*−*^ (median = 40.2°C) compared to F1J.*Scn1a* ^+/*−*^ mice (median = 40.6°C) (*P* \< 0.023, LogRank Mantel‐Cox). B, Cumulative GTCS incidence curve. GTCS incidence curves were not significantly different between F1N.*Scn1a* ^+/*−*^ and F1B.*Scn1a* ^+/*−*^ mice (*P* \> 0.332, LogRank Mantel‐Cox). However, for mice that exhibited a GTCS at ≤42.5°C, average GTCS threshold temperature was significantly lower between F1N (41.8 ± 0.1°C) and F1J (42.2 ± 0.1°C) (*P* \< 0.009, Mann Whitney *U*‐test)](EPI4-4-164-g001){#epi412287-fig-0001}

3.2. F1N vs F1J strain differences in spontaneous seizure severity and survival {#epi412287-sec-0010}
-------------------------------------------------------------------------------

Spontaneous GTCS frequency was monitored for 60 hours following induction of a single hyperthermia‐induced seizure. There was no difference in average frequency of spontaneous GTCS between F1J.*Scn1a* ^*+/−*^ (1.7 ± 0.6 seizures/d) and F1N.*Scn1a* ^*+/−*^ mice (1.6 ± 0.4 seizures/) (Figure [2](#epi412287-fig-0002){ref-type="fig"}A; *P* \> 0.586; Mann‐Whitney). Furthermore, the proportion of mice exhibiting GTCS did not differ between strains, with 12/20 F1N.*Scn1a* ^*+/−*^ mice and 8/18 F1J*.Scn1a* ^*+*/*−*^ mice exhibiting ≥1 GTCS during the 60‐hour monitoring window (*P* \> 0.516; Fisher\'s exact test).

![Spontaneous seizure profiles and survival of F1J.*Scn1a* ^+/*−*^ (F1J) and F1N.*Scn1a* ^+/*−*^ (F1N) mice. A, Spontaneous seizure frequencies were not significantly different between F1J.*Scn1a* ^+/*−*^ (n = 20) and F1N.*Scn1a* ^+/*−*^ (n = 18) mice (*P* \> 0.586, Mann‐Whitney). Average seizure frequency is depicted by the thick horizontal line, and error bars represent standard error of the mean (SEM). B, A smaller proportion of generalized tonic‐clonic seizures (GTCS) advanced to tonic‐hindlimb extension in F1N.*Scn1a* ^+/*−*^ compared to F1J.*Scn1a* ^+/*−*^ mice (24 ± 8% vs 57 ± 13%, respectively; *P* \< 0.031, Student\'s *t* test; n = 8 for F1J and n = 12 for F1N, includes only mice with GTCS). Average proportion of tonic hindlimb extension seizures is depicted by the thick horizontal line, and error bars represent standard error of the mean (SEM). C, Kaplan Meier survival curves comparing 30‐d survival following induction of a single hyperthermia‐induced seizure on P18. Survival was significantly lower in F1J.*Scn1a* ^+/*−*^ vs F1N.*Scn1a* ^+/*−*^ mice (44% vs 80%, respectively; *P* \< 0.023 Logrank Mantel‐Cox, n = 20 per strain). D, Kaplan Meier survival curves comparing 60‐day survival in a separate cohort of naive mice that did not undergo hyperthermia induction. F1N.*Scn1a* ^+/*−*^ mice had significantly improved survival to P60 relative to F1J.*Scn1a* ^*+*/*−*^ mice (69% vs 42% for F1N and F1J, respectively; *P* \< 0.032 Logrank Mantel‐Cox; n = 20 per strain). A vertical line at P30 is provided for qualitative comparison with panel C](EPI4-4-164-g002){#epi412287-fig-0002}

Although there were no differences in seizure incidence or frequency, there was a difference in the proportion of GTCS advancing to the most severe stage of tonic hindlimb extension (hindlimbs at 180 degrees to the torso). In F1J.*Scn1a* ^+/*−*^ mice, 57 ± 13% of seizures advanced to tonic hindlimb extension compared to only 24 ± 8% in F1N.*Scn1a* ^+/*−*^ mice (Figure [2](#epi412287-fig-0002){ref-type="fig"}B; *P* \< 0.031; unpaired *t* test). The proportion of GTCS advancing to tonic hindlimb extension in F1J.*Scn1a* ^+/*−*^ mice was similar to that of previous reports.[9](#epi412287-bib-0009){ref-type="ref"} Following video recording, this cohort was monitored for short‐term survival to 30 days of age. Only 44% of F1J.*Scn1a* ^+/*−*^ mice survived to P30 compared to 80% of F1N.*Scn1a* ^*+*/*−*^ mice (Figure [2](#epi412287-fig-0002){ref-type="fig"}C; *P* \< 0.023; LogRank Mantel‐Cox). All recorded deaths followed a hindlimb extension seizure in video records, although not all hindlimb extension seizures led to death. There was no relationship between hyperthermia‐induced GTCS threshold and subsequent seizure frequency or survival (*R* ^2^ \< 0.008 for F1J and *R* ^2^ \< 0.133 for F1N).

To further evaluate the survival difference, we performed an extended survival study on a separate cohort of naive F1J.*Scn1a* ^+/*−*^ and F1N.*Scn1a* ^+/*−*^ mice that were *not* subjected to hyperthermia. F1N.*Scn1a* ^+/*−*^ mice had better survival, with 69% (22/32) surviving to P60, compared to 42% (13/31) of F1J.*Scn1a* ^+/*−*^ mice (Figure [2](#epi412287-fig-0002){ref-type="fig"}D; *P* \< 0.032; LogRank Mantel‐Cox). Consistent with our previous observations,[9](#epi412287-bib-0009){ref-type="ref"}, [17](#epi412287-bib-0017){ref-type="ref"} induction of a GTCS by hyperthermia at P18 accelerated lethality in F1J.*Scn1a* ^+/*−*^, with P30 survival of 44% following hyperthermia priming compared to P30 survival of 65% without hyperthermia (Figure [2](#epi412287-fig-0002){ref-type="fig"}C,D). There was no difference in P30 survival between F1N.*Scn1a* ^*+/−*^ mice with and without hyperthermia priming (80% and 78%, respectively; Figure [2](#epi412287-fig-0002){ref-type="fig"}C,D).

4. DISCUSSION {#epi412287-sec-0011}
=============

In this study, we observed strain‐dependent phenotype variability in F1N.*Scn1a* ^+/*−*^ compared to F1J.*Scn1a* ^+/*−*^ mice, including differences in hyperthermia‐induced seizure thresholds, spontaneous seizure severity, and survival.

Seizures with tonic hindlimb extension involve brainstem, a critical component of the autonomic nervous system that modulates cardiovascular and respiratory function.[18](#epi412287-bib-0018){ref-type="ref"} Despite unaltered seizure frequency in F1N.*Scn1a* ^+/*−*^ compared to F1J.*Scn1a* ^+/*−*^ mice, the lower proportion of GTCS advancing to tonic hindlimb extension in F1N.*Scn1a* ^+/*−*^ mice may contribute to improved survival. This is consistent with our previous observations that poor survival of *Scn1a* ^+/*−*^ mice is more strongly associated with occurrence of tonic hindlimb extension than overall GTCS frequency.[9](#epi412287-bib-0009){ref-type="ref"}

F1N.*Scn1a* ^+/*−*^ mice had a lower temperature threshold for myoclonic and GTCS compared to F1J.*Scn1a* ^+/*−*^ mice. This is consistent with previous studies that showed lower flurothyl‐induced myoclonic and GTCS thresholds for C57BL/6N vs C57BL/6J mice, whereas repeated seizure inductions were more likely to progress rapidly from forebrain to brainstem seizures in C57BL/6J than other B6 substrains or DBA.[15](#epi412287-bib-0015){ref-type="ref"} The propensity of C57BL/6J mice to quickly progress to brainstem seizures may contribute to the elevated mortality risk in *Scn1a* ^+/*−*^ mice with C57BL/6J alleles.

In addition to differences in seizure susceptibility and variable expressivity of epilepsy in different C57BL/6 substrains, there are also reported differences among mice of the same substrain from different vendors. Differential phenotype severity was reported preliminarily in *Scn1a* ^+/*−*^ offspring resulting from crosses with C57BL/6 sourced from Charles River vs Jackson Laboratories.[19](#epi412287-bib-0019){ref-type="ref"} Similarly, differences have been reported in susceptibility to chemoconvulsant‐induced seizures in C57BL/6N mice from Harlan vs Charles River, and between different sublines from the same vendor.[16](#epi412287-bib-0016){ref-type="ref"}, [20](#epi412287-bib-0020){ref-type="ref"} Thus, it is critical for investigators to consistently source C57BL/6 substrains from the same vendor and use littermate controls to establish baseline phenotypes in their local colony.

Our results demonstrate that B6N and B6J contribute modifier alleles that differentially influence survival and severity phenotypes in *Scn1a* ^+/*−*^ mice. Although there are relatively fewer genetic differences among substrains (ie, B6J vs B6N) than between completely different strains (ie, C57BL/6J vs 129S6/SvEvTac), these differences can still influence cardiovascular, metabolic, or neurologic phenotypes.[5](#epi412287-bib-0005){ref-type="ref"} Preliminary examination of C57BL/6J and C57BL/6N coding sequence variation[5](#epi412287-bib-0005){ref-type="ref"} revealed missense variants in 2 epilepsy‐associated genes: *Cyfip2* and *Jmjd1c*. *Cyfip2* encodes cytoplasmic FMR1 interacting protein 2, which is involved in actin dynamics, axon elongation, and dendritic spine remodeling. Heterozygous de novo variants were identified in 4 unrelated individuals with epileptic encephalopathy.[21](#epi412287-bib-0021){ref-type="ref"} Functional studies showed gain‐of‐function effects resulting in dysregulation of actin dynamics.[21](#epi412287-bib-0021){ref-type="ref"} C57BL/6NJ carries an S968F missense variant (rs240617401) in *Cyfip2* that results in loss‐of‐function and was associated with altered cocaine‐response phenotypes in C57BL/6NJ vs C57BL/6J.[22](#epi412287-bib-0022){ref-type="ref"} It is possible that S968F may also influence excitation/inhibition balance. *Jmjd1c* encodes a putative histone demethylase. Sáez et al[23](#epi412287-bib-0023){ref-type="ref"} reported heterozygous de novo variants in *JMJD1C* in 2 unrelated individuals with Rett syndrome and showed reduced dendritic complexity with small interfering RNA knockdown in mouse hippocampal neurons. C57BL/6J codes for a leucine at position 1715, whereas C57BL/6NJ and other strains have a proline in this position (rs13480628), although the effect on protein function is predicted to be benign.[24](#epi412287-bib-0024){ref-type="ref"}, [25](#epi412287-bib-0025){ref-type="ref"} Additional genetic and functional evidence is required for formal candidate gene consideration.

Effects of genetic background on disease phenotypes are often underestimated. This study adds to mounting evidence that C57BL/6 substrains harbor modifier alleles that must be carefully taken into account for experimental design and data interpretation.
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